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The relatively new research field of magnetic refrigeration, by means of adiabatic demagnetisation, in paramagnetic, molecular, polynuclear, complexes 1 and MOFs 2 has reinvigorated the study of magnetically isotropic, polynuclear d-and f-metal ion compounds.
3
As the magnetocaloric effect (MCE) delicately depends on the nature of the low-lying energy levels of such systems, it is necessary to develop methodologies for the prediction of the sign and magnitude of the magnetic exchange interactions between their constituent metal ions. 4 Gd III has a well-isolated, orbitally non-degenerate 8 S 7/2 ground term and can be considered magnetically isotropic. 5 Similarly, Cr III has only weak magnetic anisotropy. 6 Thus, a combination of these two metal-ions for the development of new molecular refrigerants seems promising. We have recently reported a pentanuclear, trigonal bipyramidal {Gd 3 Cr 2 } complex displaying good refrigeration properties. 7 We report here magneto-structural correlation studies on a simple dinuclear Cr The intrinsic preference of the fluoride ion for linear bridging facilitates the prediction of the cluster topology, giving rods for trans-difluorido, squares for cis-difluorido and trigonal bipyramids for fac-trifluorido chromium(III) precursors. The wT products of 1-4 are shown in Fig. 2 of which the magnetic properties of 2-4 have already been reported. 7,8b The high-temperature wT values are all in agreement with the values expected for the uncorrelated ions (S Gd = 7/2, S Cr = 3/2, g = 2.0 for both Cr III and Gd III ). On cooling, all wT products decrease indicating the presence of intra-cluster antiferromagnetic interactions. All thermodynamic magnetometry data were fitted by use of the Levenberg-Marquardt algorithm 10 and by numerical diagonalisation of the isotropic spin-Hamiltonian (1): where the indices i and j run through the constitutive single-ions of each compound, g is the single-ion g-factor, Ŝ is a spin-operator and J is the isotropic exchange parameter. Note that a non-zero value for J Gd-Gd is only employed in the case of 4. Independently fitting the wT product and low temperature magnetization data ( Fig. S2 , ESI †) of 1 affords J = 0.84 (4) cm À1 and J = 0.82(4) cm
À1
, respectively, with the g factors fixed to g Cr = 1.97 and g Gd = 1.99. Determination of an isotropic exchange parameter of this small magnitude solely from magnetic measurements may be inaccurate as other small terms, such as zero-field splittings, may be non-negligible, especially at low temperatures. Inelastic neutron scattering (INS) is a well-suited method for the determination of the magnetic anisotropy and exchange parameters in paramagnetic complexes due to the selection rules DS = 0, AE1 and DM S = 0, AE1. Despite the extremely large neutron absorption cross-section of 157 Gd (ca. 16% natural abundance), we managed to acquire INS spectra of 1 (Fig. 2 and Fig. S3 , ESI †). Although noisy, the energy loss peaks A, at 2.2 cm
, and B, at 3.0 cm
, are clearly discernible in the spectrum at l i = 6.5 Å and assigned to magnetic excitations originating from the ground state, on the basis of their temperature dependence. Unfortunately, the poor quality of the observed Q-dependence, because of the presence of 157 Gd and large incoherent scattering from 1 H, does not allow affirming the magnetic nature of these excitations. The experimental spectra were interpreted by use of home-written software 11 invoking the anisotropic extension of spin-Hamiltonian
(1) given in eqn (2):
where D Gd is neglected. 5 For comparison, the broader, but more intense, spectrum at l i = 4.8 Å is shown in Fig. S3 (ESI †). In the T = 15 K spectrum (Fig. 2, right) , a hot peak (C) arises at 3.3 cm
. For D Cr = 0, the S = 3, 4 and 5 spin manifolds are separated from the S = 2 ground state by 3J, 7J and 12J (Fig. S4 , ESI †), respectively, and only one prominent INS peak would be observed at low temperature from the S = 2 to S = 3 excitation (Fig. S5, ESI †) . Introduction of D Cr breaks the degeneracy of the M S levels, and an optimized value of D Cr = 0.5 cm
, together with J = 0.87 cm
, results in good agreement with the experiment (cf. Fig. 2, right) .
The obtained J parameters for 2-4, for which the INS spectra were not acquired, are shown together with that for 1 in Fig. 3 as a function of the Gd-F-Cr angle. All the extracted couplings are antiferromagnetic and their strength seems to correlate with the Gd-F-Cr angle. Magnetic interactions in {3d-Gd} dinuclear complexes are in general ferromagnetic with some notable exceptions, such as a cyanide-bridged {CrGd} complex.
12,13 A {GdCr 4 } hydroxide bridged complex is also reported to be antiferromagnetic in nature. 14 This fuelled our curiosity as to whether Cr III in particular promotes antiferromagnetic interactions. Indeed, for 1-4, the exchange interaction is antiferromagnetic. Moreover, there is a structural correlation to this antiferromagnetic interaction as shown in Fig. 3 , which presents J as a function of the Gd-F-Cr angle. To shed light on this issue, as well as on the angular dependence of J, we performed DFT (B3LYP/TZV) calculations on 1. All the calculations were performed with the Gaussian 09 program suite (cf. ESI † for computational details). The computed J value of 0.80 cm À1 for 1 is in excellent agreement with the values extracted from experiments (see Table S2 for DFT computed energies, ESI †). The reproduction of both the sign and the magnitude of J provides confidence in the computed J values. Understanding the mechanism by which the coupling is operational in this {Cr-Gd} pair is important, as it is expected to provide clues about the nature of the exchange interaction and its angular dependence. The following generic mechanistic points emerge from our earlier studies.
15a-f In a general {3d-4f} pair, the overlap between the 4f orbitals and the 3d orbitals only partly determines the nature of the magnetic exchange interaction. Orthogonality between the 3d and 4f orbitals results in ferromagnetic, J F , contributions, whereas, non-vanishing overlap of the same orbitals results in antiferromagnetic, J AF , contributions to the magnetic exchange. Additionally, charge transfer excitations from a 3d orbital to an empty 5d orbital of the lanthanide contribute to J F . Since the 4f orbitals are contracted, contributions to J AF are generally weak and therefore most of the {3d-4f} pairs exhibit ferromagnetic behaviour. In complex 1, the unpaired electrons on Cr III are located in the t 2g {d xy , d xz , d yz } set of orbitals.
Since these orbitals exhibit p character, an efficient s-type charge transfer from 3d to 5d, observed for {Cu )-Gd} complexes, is absent in 1 and thus, the J F contribution is significantly reduced. 15a-c To estimate the J AF contributions, the overlap integrals (S ab ) between the magnetic orbitals of Cr III and Gd III have been computed and significant S ab values have been detected indicating a relatively strong 3d-4f overlap (Fig. S6, ESI †) . Previously, we have shown that the number View Article Online of bridges plays a vital role in the sign of magnetic coupling. In particular, when going from two alkoxo-bridges to one bridge in {3d-Gd} complexes, a strong antiferromagnetic interaction is predicted, essentially due to a larger direct 3d-4f orbital overlap and thus a large J AF contribution. 15b This correlates well with the single fluoride bridge and the antiferromagnetic interaction observed in this series. Additional insight into the mechanism of the exchange interaction is provided by DFT-calculated spin densities. Spin densities of 3.09 on Cr III and 7.03 Gd III indicate predominant spin polarisation (Fig. 4 , left; Table S3 , ESI †). All the coordinated nitrogen and oxygen atoms have negative spin densities, however the fluoride ions, both the bridging and the terminal, have positive spin densities in the high spin state (cf. . Comparing the magnitude and the sign of the spin densities at the fluoride bridge, it is apparent that a mixture of spin delocalization and polarization is operational on these atoms and this diminishes the charge transfer component and thus reduces the J F part. This is also supported by our NBO analysis where an extremely weak Cr III 3d z 2-Gd III 5d z 2 donor-acceptor interaction has been detected (Fig. 4, right) . To gain insight into the angle dependency, the Cr-F-Gd angle was gradually varied from 1351 to 1801 in steps of 101. The computed variation of J with the bridging angle is shown in Fig. 3 along with the experimental points.
As the angle increases the J becomes more antiferromagnetic, but shows a plateau at larger angles. On the other hand at an acute angle (at ca. 1381), a switch from antiferro-to ferromagnetic interaction is predicted. Mapping the experimental J's and structural parameters on the computed graph yields an excellent match. The plateau at higher angles and less antiferromagnetic J at lower angles was nicely reproduced. To analyse the factors behind the observed trend, we have computed the overlap integrals, which reveal that there is a significant decrease in the Cr-Gd orbital overlap as the angle decreases leading to a reduction in the J AF contribution. (cf. Table  S5 , ESI †) This along with a moderate increase in the charge transfer (cf. 5d occupation in Table S6 , ESI †) leads to a predicted ferromagnetic coupling at lower Cr-F-Gd angles. Our analysis reveals that at lower angles, the metal ion spin densities increase and, concomitantly, for m-F À the spin densities decrease proportionally indicating an increasing ferromagnetic contribution as evidenced from the computed J values (see Fig. 3 , right; Table S4 , ESI †).
In conclusion, the angular dependence of the exchange in a small family of fluoride-bridged {Gd III x Cr III y } complexes has been analysed. The observed variation and magnitude of J is reproduced and rationalised by DFT calculations in terms of geometric variation of 3d-4f overlap and charge transfer. This insight paves the way for preparative control of magnetic exchange interactions in systems with small magnetic anisotropy and thereby for the development of new molecular, magnetic coolers.
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